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Abstract

An understanding of the behavior of materials, of dieléctrics in particular,
urider charged particle bombardment is essential to the prediction and prevention
. of the adverse effects of spacecraft charging. This papér presents an effort to
— obtain s;ch an understanding through a combined analytical and experimiental
o approach.

A one-dimensional model for charging of samples in the LeRC test facility is
used in conjunction with experimental data taken in this facility to develop "mtterial
charging characteristics' for silvered Teflon. These characteristics are then used
in a one dimensi6nal model for charging in space to examine éxpected resporse.
Relative charging rates as well as relative charging lévels for silvered Teflon and
metal are discussed.

L. INTRODUCTION

Two previous papersl‘ 2 described the test facility, test mettliods and medsure-
ments, arid the results of varfous materials characteristics test perfurimed at tive
Lewis Rededrch Center in support of the spacecraft charging ihvestigation. The ‘

459

PRECEDING PAGE BLANK NOT FILMED o v




present paper suthmiarizes the analytical work whick hag been perforied inter-
actively with this experimental work. The goal of the analysis is twofold. First,
is to model the charging of material samples in terts of the material's para-
meters. Second, sifice a goal of the entire study is to predict beliavior of spédce=-
craft surfaces, an attemipt is made to "scale" the environment, that {s, to relate
results obtained using a monbeénergetic beam in the ground test facility to expected
results with distributed particle fluxes of the space environment. An approach to
establish this environment scaling is to develop todels of charging for both
charged particle environments, and assume that the raterial properties are con-
stant. Then differences between material charging behavior under ground test and
in space are a result of the différences in the two énvironménts. It is recognized
that the vacuum levels in the ground test and space environments are also different.
No attempt is made here to account for.this factor.

Twis paper, then, represents & first attempt at attaining the two goals of
characterizing material charging and scaling to the space énvironment. The
models uséd are oné-dimengional and describe charging of samples in terms of the
charging of a capacitor. This type of model has Been used by a number of
workers3'4' 5,5 45 describe spacecraft charging.

The procedure used herein was to first develop a one-dimersional model to
describe charging of Samples in the LeRC vacuurn test facility. This modél cori-
tained & number of sarametérs which wére varied to provide best fits to experi-
mental data obtainec in the facility. The values of these parameters which yielded
the best fit were identified a5 the "material charging characteristics. "' These were
then used in conjunction with a otie-dimensiotial model for charging in the space
substorm environment to make some predictions of the chatrging behavior of the
materials in space. The insulator studied Here is 5 mil silvéred FEP Teflon. "

2. ONE-DIMENSIONAL (1-1) GROUND TEST FACILITY MODEL

in the LeRC test facility, a monoenergetic beam of electrons with energies of
~2 to 20 keV is dirécted at normal incidence to planar gamplés. A beam current
density of 1 1A/ cm? was used to obtair all test data discussed in this report.

The Ground Test Facility Model is a quasistatic curretit palance model. The
curreiit densities conidered are those due to primary (beam) électfons, sécondary
clectrotie, backscattered electrons, and leakagé current through the sarfiple bulk.
These are denoted by J, Jg Igs and iy respéctively. The samplé is assurned to
chargé 1ike a capacitor. Thus a time balance equation is of the form

av _
Cap? * §) “Je =g " IBs (1)

460




where V {8 the mugnitude of the surface voltage. All signs are explicit in this
¢quation, and in all others used in the tost facility model, that {s, all symibols
stand for positive numbers. The actial surface voltage le of course negative, and
this is aebumied throughout. Thus this model does not predict positive surface
voltages correctly, since positive surface voltage would tend to reattract the
etmitted secondary cléctrons and this effect has nst been included here.

The first term {n Eg. (1) represents the net charge deposited on the surface
(per cm?) in & tin o step, and 8o 18 termed the charging current density and denoted

by jo- The procedure used was to tnitialize at t = 0 with Vg = 0. Then AVg4 was
calculated from ...

AVg

Y: =é“e'js'st"11' @

The current densities are all functions of V g and their fuictional forms are given

in Figure 1. Equation (2) {8 solved by an iterative procedure, This equation can
be expressed as

OV IV At | @)

With the initial assumption Vg =t = 0, a suitable At i5 chosen, and AVg calculated.

Vg i8 then inc: emented by aVy (set = AV for the first iteration) and the procedure
repeated until equilibriurn is reached, that is, until

v
le= C—ft =0

The severul current dénsities in the preceding equations aré functions of sup-
face voltage. All but the leakage current density are functions of the primary
electron beam voltage and current density. The parateters which can be varied
are the sécondary emission maximum yield, 8., and energy for maximum yield,
Vm. the backscatter coefficient, ¢, the resistivity, p, and the capacitance C.

In practice, values for 8.y and V. were taken from the literature. Valiues for p
were détermined from the measured surface voltages and currents at equilibrim,
and fits obtained by varying fand C. This is discussed inore fully in Section 4.

It should be rioted that this model does not account for beam spiead in angle
or énergy, the presence of the vacuum tank walls, or residual gas in the chamber.
Stfice it {8 one-dimensional, it can not, of course, éxplicitly describe edge effects,
or effécts due to surface variatiots,

Derivatioris of thée curfent density equations are presented in Appéndix A. A
suriitnary of the model and equations is given ini Figure 1.
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Figure 1. 1-D Model Ground Test Environment

3. COMPARISON RITH EXPERIMENTAL DATA

3.1 “Floating” Aluminum Plate

The first test data used in conjunction with the test facility charging model

were those taken with a bare alumfnum plate which is normally used for substrates.

This plate was mounted in front of a second identical plate which was grounded to
the cliamber walls. These two plates were held apart and electrically {solated by
a Tefloh spacer plug 0.7 cm long®. The plates are rectangular with dimensions
15 cin X 20 cm (~300 cm? area). Surfacet voltage of the floating plate was mea-
sured as a furictioti of time using the surface voltage probe. 1

Figure 2 shrws these data and the best fit calculated curves. In obtaining
these fits to the data, values of 8y = 3and vmax = 400 were used. These are
consistent with ranges of values for these parameters given by Gibbc:ms7 for a
surface layer of AlO3. It is reasonable to expect some oxide on the surface of
the "bare aluminum" plate since it had in fact been exposed to air. This points up
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Figure 2, Comparison With Experi-
mertal Data

the strong depe adénce of charging phenomena o sample surface condition, and
indicates that care mvst be taken in making predictions for charging to consider
the state of the surface.

With these values in the expression for secondary emission, the values of C
used to obtaih the curves in Figure 2 varied from 1,2 X 10~ 1arads at Vg = 5kV
to 5 X 1011 farads at Vi = 16 kV, decreasing approxirhately linearly with in-
creasing beam voltage. The values uged for the "backscattér coefficient' varied
from 0.15 at Vi = 5 kV t0 0.5 at Vg = 16 kV, again in approximately linear
fashion. The expression used to calculate secondary emission current density is
derived from an expression for yi=ld a8 a function of primary energy due to
Sternglass. 8 It is plautsible that the required variation of ¢ to obtain fits to the
data is accounted for, in part, by deviations of the actual secondary yield from
that predicted by Sternglass formula. That ig, the adjustments to ¢ represent
adjustments to the sum of the backscattéred and secondary electrons.

The final point of concérn here is the time scalé for charging of the floating
plate; it reaches its equilibiium floating voltage with a time constant of geveral
seconds. This i8 not surprising, since the capacitarice of the teést plate to its Bur-
roundings is expected fo be small. The timescale, is relevant, Howevér, to the
question of the behavior of composite samhples. This is disctissed more fully in
Section 3. 3.
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3.2 Silvered Teflon Sumples

The 1-D model was next used to fit current and surface voltage data from
silvered Teflon samples. These conaist of an aluminum substrate with three trips
of 5 mil silvered Teflon mounted with conductive adhesive to the substrate. Each
of these strips was 5 cm wide and 20 cm long. During tést, the alumihum substrate
{(and consequently the silvér) was grounded, while the Teflon surface was bom-
barded with electrons.

The data and calculated fits for beam voltages at which equilibrium is reached
are shown in Figure 3. These data are a compodgité of four separate data sets,
and indicate charging times on thé. ~rder of minutes. The error bars reflect the
gcatter in the data as well as the 15 percent resolution uncertainty in the voltage
measurements. Since for insulators there are strong voltage gradients near the
edges of the samples, the surface voltage measurements are those read at the.

sample center which i8 uniform.

To obtain these curves, the effective resistance was calculated from the
equilibrium values of surface voltage and leakage current. These valués indicate
an effective resistivity for the samples of about 9 X IOISQ-cm, about ai order of

. cum’r} SILVERED TEFLON. ...
o VOLTAGE | DATA

8

CURRENT, I, PA
(—J

]
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-10
b 0 0
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Figire 3. Compariscn With Fxperimental Data. 5 Mil
Stlvered Tefion Sariplés; 300 cm?2 Area
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magnitude below published values for " eflon, If oite assumes that the published
value of 10179 -tm-g aceurate, then a parallel path having a resigtance oi about
4% 10120 15 indlcated by the dats. This could be a surface leakage, or an eédge
leakage, or leakage through the sheath.

Values of 8 = 3 and Vi ax © 300 were used in the expression for secondary
emission, ih accordance with the data given by Willis and Skinner. 9 The values of
C required ringed from 14. 6 pf/cm2 at Vg = 5kV to 10 pf/cm?2 at Vg = 12 kV and
decreased monotonically with. increasing beam voltage, Extrapolation of the curve
to Vg = 0 indicates a dielectric constant for Teflon of ~2.1. This decrease in
effective capacitance is believed to be as.sociated with edge effects. Edge gradients
are obsorved in the data. These becomé more pronounced at highetr voltages
reducing the effective area. 2 The value used for the backscatter coefficient
varies about an order of magnitude for the Teflon samples. Not only does it change
with beam voltage, but algo appears to change during charging at a single beam
voltage. For the initial portioa of the charging curves, ¢ varied from 0. 25 at the
lower beam voltages to (). 05 at high beam voltages. At equilibrium, ¢ varied from
0.02 at low beam voltages to 0. 25 at high ones. These variations wére not linear;
rather, r was relatively constant at low and high beéam voltages, with a transition
occurring between Vg = 8 kV and VB = 12 kV. Again, part of these variations may
be due to deviations 6f the actual secondary emission from-that calculated by the
analytical éxpression being used.

Some investigation was undertaken to study the behavior of the Teflon samplés
during arcing. Figure 4(a) shows a curve fit to a comppbpsite of two data sets for
the initial charginz transient with 4 beam voltage of 16 kV. Figure 4(b) shows the

s
URFACE VOLTAGE, Vg, KV

=
s

Figure 4. Comparison With Fxperimertal Duta. Discharge
transients; silvered tefion samples; 16 kV beam
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same calculated curves, thig time with a single set of datd. The left hand set of
curves and points are the initizl charging transient. An arc occurred on this
samplé between the time of the voltage réading at t = 4 min and that of the current
reading taken at t = 5-1/2 min; the Surface discharged, and chai ging was repeated.
The curves shown for the post-arc charging transient are identical to those for the
initial tranaient, but shifted in time. This indicatss that the charging transiert is
quite repcatable, not only from test to test of Teflon s8amples, but also through
arcing. That is, at least short term, the arcing does not affect the chargirg
behavior of Teflon samples.

3.3 ..Composite Sampleé

One of the stated objectives of the present work was to investigate the "environ-
ment scaling'' effects between the ground test and space enviroriments. An obvious
difference uther than the environment between ground tests so far described and
th= space condition is that the studie# of silvered Teflon digcussed atove were all
conducted with the substrate grounded. In contrast, for the case of a spacecraft
in orbit, the entire body, including the "grounds' must come irto equilibrium with
the charged particle environment. The question of the behavior of a composite
system becomes particularly interesting because of tae divergent time gcales in
which charging of "floating" metal plates and silvered Teflon above ground are
observed to occur.

To investigate this question, a composite sample was built and tested. The
sample consisted of an.electrieally floating standard aluminum substrate with two
strips of the 5 cm silvered tape motnted on it. This allowed for a 5 cm strip of
the alumirium between the two Teflon strips to be exposed to the electron beam.
The aluminum substrate was mounted in the test chamber in the same mannér as
the floating aluminum plate described in Section 3. 1. This configuration is
depicted at the top of Figure 5(a). The bottom of this figure shoa s a voltage trace
at equilibrium for this sample.

The expectation was that this composite sample would charge in two stages
because of the different effective capacitances through which the alutninurm and the
Teflon must charge. The prediction, shown in Figure 5(b), ig based on the idea
that when the beam is turhed on, the alurfiinum should charge to its equilibrium
voltage with its time constant of secords, carrying the Teflon voltage with it.
When this has occurred, the Teflon stiould continue to charge from the equilibrium
voltage of the alumifium to its own equilibrium voltage with its own time constant,
that is, minutes: The curves in Figure 5(b) were thus obtained by superimposing
the cutves for aluminurh above and for Teflon alone with the Teflon curve shifted
so that it coincides with the aluminum curve at the point of equilibration for the
aluminum. As can be séeh from the data plotted in Figure 5(b), the expected be-
havior was found.
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Figure 5. Silvered Teflon/Aluminum Composite Samiple
Floating

The expectation that the alurninum and Teflon comprising the composite
sample should charge to the same surfate voltages as h.d the floatirig plate; and
the Teflon samples above grounded substrates was based on the observation that in
beth those cases the equilibration was domirated by secondary emission phenomena
rather than by leakage currents to ground. This is evidenced in twe ways. First,
plots of surface voltage at equilibrium versus beam voltage are straight lines;
such behavior is Supposed to be associated with emission dominated equilibration.
Second, examination of printouts of the model calculations reveals that, at equi-
librium, the leakage current density term is several orders of madgnitude smaller
than the other currents in the model. The conclusion, then, is that for this type
of composite sample, each part responds to the charging ehvironmerit with its
characteristic tithe constant, and comeés into equilibriam at {ts characteristic
surface voltage so long as leakage current does not play a dominant role in the
équflibralion.

It should be notéd here that the tests run on this composite sampleé were not

‘ exterisive. Further éxperimental investigation of this and other composite samples
are planned.
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1. ONE-DIMENSIONAL SPACE CHARGING MOBEL

In order to predict charging behavior in space, a one-dimengional model for
charging in space analogous to the one-dimensional ground test model was deve-
loped. The essentisl difference between the two rodels is that the space model
assvmeg an isotropic Maxwellian particle distribution containing both electrons and
wons and a gpherical collection geometry. The current densities are derived from
Langthuir probe calculations. This type of calculation hds been used by several
authors4' 5:6,10 44 treat the gpacecraft charging problem. Derivation of the
current density equations is given in Appendix B; a summary description is pre-
gented in Figure 6. As is indicated in this figure, the model as présented and
used here assumes a geéomagnetic substorm condition. That i8, it assumes that Vg
ig negative, so that electrons are repelled and ions attracted. In these equations
Vy is an algebraic quantity, that is, the sign is taplicit.

CURRENT DENSITIES TO SURFACE

ASSUMPTIONS

¢ mommm:mmmsmaunms
. ISOTROPIC MA
(_\-CAPACITANCE - C SPHERICAL COLLECTION GEOMETRY
W \-SuRsACE AT

VOLTAGE Vg
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JaVg) + IpVg) + i V) + lysNg) - kVs) ¢ ke, 0
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Figure 6. 1-D Model Space Substorm Environment
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A8 is evident from the sketch {11 Figgure i, secondary elcctrons due to ion
impact are not accounted for in this model. This is bicauge the intent Kerc is to
use material charging characteristics found by fitting the grov nd test model to
experimental data in conjunction with the space model to predict space charging.
Since there were 10 ions used in the experimients, no coefficient for secondary
¢électrons dué to ion impact wag determined. Therefore this current density
source is not considered. The surface voltage values predicted by this model are
therefore somewhati larger that if secondary electrons due to ion impact had been
included. For exarmple, a secondary coefficient of 1 would yield about a 10 percent
reduction in the equilibrium voltage calculated for aluminum at Ve = 5kV.

The prccedure used to calculate charging is identical to that described for the
ground test model. Material characteristics used were those determined by fitting
the ground test model to the data. The capacitance of the alumintm (considered to
represent the spacecraft "'ground") was tak  ¢o be 15 ¥ 10~ ! farads, which is
the capacitance of a one meter diameter sphere (to represent a "typical" space-
craft dimension) to infinity. This capacitance was chosen because the relevant
capacitance f.'v charging floating metal objects is that of the object to its surround-
ings. Those parameters (notably C and ¢ for Teflon, and ¢ for aluminum) which
varied as functions of beam (and therefore surface) voltage were associated with
the equilibrium surface voltage for the appropriate test for purposes of making the
space voliage calculativris. The relationships between electron and ion tempera-
tures and between témperatures ard current densities were takén from the Pro-
visional Upecification for the Geomagneétic Substorm Environment. 11 This
Specification is given as Figure 7. Thus, results of the space calculations, shown
in Figure 8, are given as functions of electron temperaturc only.

It Figure §(L) two curves are shown for the surface voltage of silvered Teflon
as a function of electron temperature. The first curve calculated used the exptri-
mentally determinéd value of 9 ¥ 10® 2-cm for the effective reristivity of Teflon.
This curve bends sharply to the right as electron temperature increases. An
inspection of the current densities driving the equilibrium indicated that leakage
current played a large part in the equilibration of. the Teflon. Thus, this curve
yields a "good" value for the surface voltage of Teflon if the spacecraft "ground"
is actually near plasma ground. This would be the case if, for éxample, photo-
émiscion were holding the spacecr~ft ground near plasma ground and the Teflon
surface of concern were shaded. However, if the spacecraft is assumed to be in
eclipse, thé aluminum répresenting the spacecraft ground is predicted to acquire a
large negative voltage (solid line). In this case it is clear that leakage current
can hot drive the equilibration of the Teflon surface according to the dashed line.
Theréfore a second curve was calculated for the Teflon, based on the assumntion
that there was no leakage. This is shown in the dash-dotted line.
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Figure 8(a) shows the rates of charging predicted for the ¥pace condition. The
time to tharge the aluininuim 18 predicted to be deconds, comparable to the time
required to charge the floating plate in the ground experiments. The time required _
to charge the Teflon is predicted to be several minutes at lower clectron tempera- |
tures, ranging to tens of minutes as the electron temperature increases. Thus, ‘
equilibration of Teflon is predicted to require significantly longer time in space
than it does in ground-experiments.

Using the curves shown in Figure 8, it i8 possible to predict the response of
a ''spacecraft'’, composed of an aluminum Structure partially covered with silvered
Teflon, to substormm and éclipse conditions. Such a set of predictions is shown in
Figure 9. For purposes of this figure, it is assumed that photoemission is suffi-
ciént to hold illuminated surfaces close to plasma ground.

Figure 9(a) assumes that the Teflon surface of interest is shaded when the
gpacecraft is in sunlight. A substorm injection with a 5 keV Maxwellian electron.... .-....
distribution is sssumed to occur at t = 0 and thig environment i8 assumed to
rémain constant throughout the time shown. An.éclipse is assumed to occur from p
t = 60 min to t = 120 min. When the substorm occurs, the dark Teflon charges
dccording to the dashed curve of Figure 8(a), shown in Figure Y as a solid curve;
the aluminum at "ground'" is aggumed to be held near plasma ground by photo-

- emission. .. The Teflon.surface reaches.its leakage dominated equilibrium voltage
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of -8. % kV with {te time constant of about 30 min. When the gpacerraft enters
eclipse, the aluminum charges quickly (in scconds) to its equilibrium voltage of
.10 kV. It is assumed that the charge on the Teflott surface is immobile or this
time scale, so this surface remaing at -8. 5 kV. At this point, the leakage current,
which was driven by the voltage differcntial of 8. 5 kV disappcars, so the Teflon
finds itself to be no longer in cquilibrium with its environment aiid procecds to
charge to its "floating” value of +-14.5 kV ina characteristic 20-30 min périod.
Upon exit from eclipse, a similar pattern is followed. The aluminum falls quickly
to near plasma ground. Bécause this discharging i$ driven by photoeriission, it
requiree only about 0. 02 sec for the altminum to rcach plasma ground (as8uming
~10"9 A/cm? photocurrent). Now, the Teflon again finds itself out of equilibrium
with its plasma environment, and.proceeds to discharge slowly to its previous
equilibrium potential of -8.5 kV.

Figure 9(b) shows a similar type of time history for an insulatinig surface
whichi i3 exposed to sunlight. Again, the solid line represents the surface voltage
of the Teflon and the dashed line the spacecraft ground. The éntry into eclipse
and subsequent charging up is analogous to the charging of the composite sample
discussed in Section 4. The aluminum charges rapidly (in seconds) to its equi-
librium value. Bécause the Teflon had no significant charge on its surface, its
voltage follows that of theé aluminum until the aliuminum reaches equilibrium. The
Teflon then cortinues to charge slowly to its equilibrium potential: Upon exit from
eclipse, both the aluminum and the Teflon are discharged by photoemission. Thus, .
the aluminum reaches plasma ground in about 0. 02 sec, as in tht previous case.
The Teflon also discharges more quickly than it charged; it requires about 4 min
to reach plasma groufid.

These results indicate a need for charging studies which take ihto account
relative charging rates as well as different equilibrium charging levels of various
spacecraft surfaces. A "typical" spavecraft has several different types of sur-
faces (solar cells, thermal blankets, etc.) each of which can be expected to charge
with its own timeé constant. The impurtance of the effect of the different time
constants should be asseéssed.

5. CONVCLUDING REMARKS

The present study has resulted in the development of a set of "'matetial charg-
ing characteristics' which describe the charging of small (300 cm?) samples of
5 mil silvered Teflon and oxidized aluminum. Based on these characteristics,
predictions of charging in space have been made and used to estimate the behavior
of a composite body under conditicns of substorm and eclipse. Several interesting
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differences between charging behaviar under ground test conditions and predicted

behavior in space have been finted for silvered Teflon.  Under ground test condi- '
tions silvered Teflon acquires the same surfaec potential mounted oh grouncid nnd '
floating substrates beeause the equilibration is domincted by surface emission

phehomena. Howéver, in spaco, significant differences are prédicted in surface

voltage for these two mounting configurations. This is becouse leakage current

dominates the cquilibration of the Teflon when the aluminum is at ground, while

surface cmission dominates for the floating aluminum case. The time required

for silvered Toflon to charge to equilibrium in tests is several minutes; this time

is predicted to be several tens of minutes in space, -

In contrast to the several minutes to several tens of minutes time scales for
silvered Teflon, flo:ting aluminum samplées are observed in ground test and pre-
dicted in space to charge to equilibriurh inh seconds Théir capacitance is much
lower than that of Teflon since it is determined by their surroundings. Theré are
also orders of magnitude differences in time scalés for discharging by photo -
emission of alumitium and Teflon. This discrépancy in chargitig and discharging
rates gives rise to sudden changes in the electric fields which the Teflon must
sustain upoh entry into and exit from éclipse. It is felt that these differential
charging rates as well as differential charging levels may be important and should
be investigated further. Thus, transient (quosistatic) as well as steady stace
models should »e developed for chatging.

The one-diménsional models déscribed herein havé been found useful in the
interpretation of expérimental results, and as guides to relating test resulis to
expected space behavior. Models of ground test situations are needed since they
; can be used interactively with test data. This is espécially true since it is im-

possible, or at least impractical, to simulate accurately the geosynchronous
environment. Thus chvironment scaling must be done through use of models, at
least for the préesent.

Finally, higher diménsional models are nteded. One-dimensional models
can not account for such things as edge effects or interactions between adjacent
surfaces at different potentials as with different charging properties. Such effects
are clearly important, 2 and tnay domihate thé charging behavior of multisurface
samples and spacécraft.
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Appendix A

One-Dimensioiial Ground Test Model

. INEROBLCTION

In this modol... clectrons from the electron gun ure assumed to approach the
planar sample normally. All motion is restricted to the x direction (sce Figure
A1l). The electroh beam is assumed monoenergitic, with encrgy

. b
I',B-CVB

where e is the electronic charge and V3 the beam voltage.  The current density
emitted from the gun is given by

. 1’2
2k,
- -B
jp =1 e(me) (A1)

where n, - particle density. It is assumed herc that n, e (the charge density) is
constant, in order to account for the spreading of the beam in the real situation.
Thus the continuity equation requires that some particles are '"lost'",

We wish to calculate current densities to the sample surface. Current densi-
ties to bé considered are those due to primary electrons, secondary electrons,
backscattered électrons, and leakage through the bulk of the insulator. The insula-
tor is assumed to be mounted above a grounded substrate for purposes of calcula-
ting leakage.

Throughout this dével spment the sample surface is assumed negative, and all
secondary and backscattered eléctrons are assumed to escape. All signs are given
explicitly so that symbols represent positive quantities.

SR — - =} ERERGY
- ENERGY &g
(bva - eVs)

¥ S

Figure Al
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2 CLIIENT DENSETY IUE T PHIMARY ELECTRON

Consider electrang approaching the sample with energy 100 It i agsumed that
the electrons do not collide with onc another, wnd that maetion is reatricted to once
dimension. If the sample surface has & repulgive petential of magnitude Vg, energy
conservation requires thut they arrive at the surfuee with energy E-cVg. Sinee
all electrons leave the gun with energrly eV, the current density to the sample sur-
fuce 18 simply

1/2 )
172
do Mo ¢ (Tﬁ;) €V = V) ha)

Rearruaging and using lXq. (A1), we find

/2

N
v
L S A3
Ja 5o (I.VB) (A3)

since we are requiring that n,e remain constant.

3. CORBRENT DENSTY DUE TO SECONVDARY ELECTRUNS

Ster‘nglassl has given the following expreszion for secondary yield as a func-
tion of primary electron energy at impact:

!
E, [ E, \12
8(E.) =7.48_ —7 exp -2(—-—-—*— (A4)
i m eVm eVm/
where Gm is the maximum yield, eVm is the primary energy for which maximum
yield is attained and Ei is primary energy at impact. From the discussion given
in Eq. (A2) above, for this case

Ei = CVB - EVS ' (AD)

The secondary cur “ent density is then

jg i 8(eVg - eVg) (A1)
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SRy W AN -

which is
s/2 | 1/2'|
v v Vo =V
B S B S ,
s 7- 4 6 - - v ") ex '2< ) , (57)
Ig “ o mV., ( VB P Vin 3

1. CURRENT DENSITY DUE TO BACKSCATTERED ELECTRONS

No analytical expresaion was found for backscattered electron emission. For
simplicity, it was there¢fore assumed that backscattered electron current density
represents a fraction of the incident current density. Thus,

VS 1/2
ips = 8 = g ( - v‘g) (a8

5. LEAKAGE CURRENT DENSITY

Ledkage current is generally répresented by

Vs
In terms of bulk resistivity this i8
VA
i = S8 (A10)

1 et e e e e

where € is.bulk registiv:''y, A i8 the area and the thickness of the sample. Then

i \'
S (a11)

6. THE 1.D MODEL
The patrary electron current density represetits a source of electrons arriv-

ing at the sample. The other three current densities repregent loss of eléctrons
from the surface. Thus the net current density to the surface 18

a7

-




Je =je':ls':lBé'jl (A12)

This nel current denaity plays the role of a charging current to the surface. Thus,
if we represent the sample's charging as the charging of a capacitor, we have

dvs )
Jo =€ J e s~ dBs e (A13)

where C is capacitance, here expressed in farads per square centimetér to main-
tain condistency of units. Equation (A 13) ig solved iri the manner described in the....
test on a computer.-to calculate the charging.

It remains to associate the experimentally measured parameters, surface
voltage, and total current to ground, with calculated values. The surface voltage
association is trivial; it is simply -VS. The total current to ground is the charging
current plus the leakage current for the sample as a whole. Thus

Iy =AG,+ i) (A14)

1. Sternglass, E.J., (1950) J. Phys. Rev. 80:925.
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Appendix B

One-Dimensional Space Substrm Model

L INTRODUCTION

The one-dimensional space model assumes a two-dimensional igotropic
Mazxwellian velocity distribution for primary particles, and a spherical collection
geometry. The calculations are essentially those for a spherical Langmuir probe.
The present calculations are based on the work.of Langmuir! and Grard. et al, 2
and follow closely the derivation of Cauffran.® The latter work has not beeén
published; therefore portidns of it are reproduced here for clarity. Such portions
are identified by guperscript reference.

Geometry for the caléulations ig depicted in Figure B1, S Thé sheath is as-
sumed to have radius a, and the collector radius R, The radial and tangential
velotity components in the "undisturbed" region (sheath edge) are v, and vy, res-
pectively, and those at the collector Hurface u,, and u,. The surtiace potentisl of
the collettor is Vg. The potential in the shéath is assuned to be a function of
radial distance from thé collector and to be monotonic, The plasma is assumed
collisionless, that is, orbit limited theory applies, and energy and angular mo-
méntuni are assumed constant for each particle.

The integral requiring solution for current densities due to primary elec-
tronsa.‘ 2 and ions, and backscattered electrons is

Figure Bl

479

d
U
;
—
—
!



#/2
i
z_i__=4"° f dé f dE (f: (B1)
T B J R R d}“I o)

where the subscript { stands for ¢ither ¢ (electrons) or p (H+ fons), and 6; and Ep
are the angle and energy at impact on the colléctor (se¢ Figure Bl).
For gecondary electron current, solution must be found for™’

i n/2

2 2 dj
. e 47a R
e - . 4ma’ 48 f d4E (Eq. 8g) $Eg) (B2)
S 4‘#R2 4‘”R2 [ R A R dER R Rr'..

where s (ER) is the secondary electron yield as a function of electron impact
energy.

These integrations cannot be performed diréctly because the distribution
function for the particles at the colléctor is unknown, and therefore we can not
determine dji/dER. However, we do know the distribution at the sheath edge, and
can theréfore determine dji’/dEa' If we agsume the plagma to be collisionless, we
can also corivert the limits on Ep and 8p to limitg on E_ and 6., and perform the
required integrations on these variables.

1.1 Coaditions for Collection

In order to contribute to currént collected at R, a particle must have energy
ER = 0 and direction Op =6 = #/3. Since the plagma is assuméd collisionless
and V(r) i8 agsumed monotonic, each particle's energy and angular momentum
must be conserved. Assume the particles of interest have charge -e. Energy
¢ mservation demands

1 i 2
-mi(u +“t) & ‘

5 m v, + vy H‘eV (Y ERg = E, +eVg (33)

Angular momertum consérvation demands

Ru, = av, (¥ Rusin 8y = av 8in 6, (B4)
where
we el and vewlevd 1
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Solving for Ea and 6, ih terms of Ep and b yields the conditions for collection®

)
(o]

0 =60, =

1/2
E + eVS
RS =2

—>o=e =an! f( &

0 for VS >0 (attraction)

[T

a
(B5)

\ 1)
© > Eg 20:>oo> E, 2E ¢

-eVg for Vg = 0 (repulsion)

1.2 Energy Format

An isotropic Maxwellian velocity distribution in three-dimensions has a
distribution given by

pp= mi 3/2 -miv 'V
£f(v) = <m:> exp eV . . (Bg)
We are interésted in a two-dimensional distribution which can be found frotn
2
g(vr, Vt) = f f(vr. "¢ Bin x, ¥, cos \) dx (B7)

0

Subsatituting for f(¥) and integrating, we have

g(v‘r, vy) = ¢ %P | —Syor—t ‘ (B8)

i

1mi3/ [m2+v
(3) e+ )

\Z7
Langmuir1 gives the incremental current across the sheath as

. 2 Y
d; = 47a nevrg(vr.vt)dvrdvt . (B9)

Then,

"'—‘Z'év—“"] dv, dv, (B10)

arid, chaiiging to E., Ga coorditiates we Have
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&2 eV, \l/2 3 Ea
4y =5 nje T (——e\’ v E_exp 'EV; sin 6, cos §_d6_dE_ (Biy)
i : : .

>

as required.

2. PRIMARY AND BACKSCATTERED PARTICLE CURRENT DENSITIES

Since backscattered electron current density is considered to be simply a
fraction of the incidént electron current density, the game integration applies to
both. The calculation for positivé ioh collection is the §ameé as for electron collec-
tioh with appropriate sign changes to account for the positive charge, and using the
ion mass and temperature. In Eqs. (B9) to (B11), the sigh on the leading charge
has been suppressed. Appropriate sighs will be supplied in Section B. 5.

The integration to be performed is

o 0

a’ (evi )1/2 2 f /0 Ea
i = R_ n.e mi (eV~)2 sin Ba cos 6, Ea exp -?v—i deé dEa.
i

E, 0 (B12)

Cautfman® evaluates this integral and findg, in agreement with Langmuir1

A%

i = i exp(vis-\ Vg = 0 (Repulsive)
/ S :

\'
: : S .
3 =i (1 + T’T) Vg = 0 (Attractive) . (B13)

where
(evi 1/2

Iio = ™ \3%m ) .

Since the interest here is in modeling charging in substorms with no photoemission,
we expect VS negative. Thus, electrons are repélied and ions attracted. So we
have for electrons

Je © Juo EXP <-;S—> (B14)

e
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for {otis
_ 4 Vs
jp s jp° 1. 'v—p- (B15)

RPN RIS
.. e - - .o -

3.

Sternglas 2% as

G(ER) =7.48

the left hand side of

a

%
g ==

SR

X exp

USRI S O

where the minus sigh reflects the fact that iont are attracted by regative Vg. For
backscattered electrons,

igs * He ¥ Meo "*P(V—)

N _2
(eV e)2

V,
S (B16)
e

where § is the backscatter coeffitient.

SECONDARY ELECTRONS DUE TO ELECTRON IMPACT

Secotidary yleld as.a-function of electron impact enérgy has been given by

R

Eg (E )‘/2
- e =2 |~
U *P Vs

(A4)

where &_ is the maximum yield and eV the energy at which the méaximum yield
i8 obtained. To determine secondary electron current density, we must multiply

equation (B11) by 6 (Bp) and integrate. Thus we need

6
7.46 0
eV [ Ea(Ea+évS)
m g
0

2((E.+eV ) /2
eV

-E

a
eV

" gin 9a cos ea doa dE

(B17)

[

which {8 Cauffman's3 eéquation for Gecondary electrons, éxcept that he uges a

Y gec 6, deperidence of € on 9, which {s not ueéd here. The §, integral is the same

288

ig = deo

as before and yields

7.45.. % . -E E +ev \1/2]
m 2 .| Ta a S ; T
—_— f (E, +eVg)® exp| -~ - '2<—‘V"‘e m>. dE, (Bi8)

i 2
(eVé) eVr.ri Eg
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1/2
\'
Now, sequentially setting x2 sE_ + éVS and 1 = (eV e)'t/ 2 X +(ve-) and subsd-

tutiag, we find m

3 1/2|®
ve vS Ve Ve 2
Jg = Ay T 40, T &% TtV f z -\ exp (-n°) dn (B19)
m e 'm m
"o
wheére
Vsll.e <ve >1/2 f
T +\ or Vg =0
v, V. S
o =
v 12
(ﬁ for Vg =< 0

Since we are condidering substorm cases oniy here, the condition Vg = 0 is of
intereést. For this case the integral in Eq. (B19) is just

v,
J =/ 0 .(;ﬁ-) exp (-n°) dn . (B20)

Recalling the expression for repeated integrals of the error function c:omplemem:5

o
: n
i® erfele) = 2 f -(—t;,L)—exp (-tz) dt (B21)

Voo

where, by definition,

" erfele) = [ 17! erfelt)dt

s

and

o0
1% erfele) = 2 /'ex‘p (-tz)dt = erfe(g)

v 4
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and {dentifying.t, z and h with the appropriate variables in (B20), we have

—
_yr H e
"P q{;sg 1" erfe ‘/--—vm), (B22)

So, from Fqs. (B19) and (B22), we have
\Y \Y V, v
is =\Fr_ Jep 7+ 40m _Ve_ 5 .'[ i3 erfc(\’-‘—.-g-)]exp -V—S- + —V°—> (1323)
m m e m

and we note that the dependence of igon Vg is the same as that of je and jpg-

4. .LEAKAGE CURRENT DENSITY

Leakage current density {8 defined in the same rhanner for the space model as
it was for the test facility model (see Se.rion 5of Appendiz A). Thus, we have

Y%
3 _pl

where p i8 bulk resistivity and 1 is the thickness of the insulating film.

3. THE 1-D) SPACE MODEL
Now, the net current density to the sample surface is
i ® -je+jp+js+st - Jy (B25)

where the sighs on the current densitiés are given explicity here, and we recall
that Vg il this model is algebraic (that is, can bé positive or negative), although
the derivations have assumeéd it negative.

The net current density plays the role of a charging current to the surface, so
that

d\/'s
Jo=C gt ° 'Je+3p+js+JBS'Jl (BZ)
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where C is capacity expressed in farads per squarc centimeter and where we
assume we are chargi .g a capacitor. Equation (B26) ig solved in the same way
as Eq, (A13) on a computer to determine Vg versus time for charging.
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